We recently reported that P2X7 receptor (P2X7R)-induced activation of caspase-1 inflammasomes is accompanied by release of MHC class II (MHC-II) protein into extracellular compartments during brief stimulation of murine macrophages with ATP. Here we demonstrate that MHC-II containing membranes released from macrophages or dendritic cells (DCs) in response to P2X7R stimulation comprise two pools of vesicles with distinct biogenesis: one pool comprises 100-to 600-nm microvesicles derived from direct budding of the plasma membrane, while the second pool is composed of 50-to 80-nm exosomes released from multivesicular bodies. ATPstimulated release of MHC-II in these membrane fractions is observed within 15 min and results in the export of ϳ15% of the total MHC-II pool within 90 min. ATP did not stimulate MHC-II release in macrophages from P2X7R knockout mice. The inflammasome regulatory proteins, ASC (apoptosis-associated speck-like protein containing a caspase-recruitment domain) and NLRP3 (NLR family, pyrin domain containing 3), which are essential for caspase-1 activation, were also required for the P2X7R-regulated release of the exosome but not the microvesicle MHC-II pool. Treatment of bone marrow-derived macrophages with YVAD-cmk, a peptide inhibitor of caspase-1, also abrogated P2X7R-dependent MHC-II secretion. Surprisingly, however, MHC-II release in response to ATP was intact in caspase-1 ؊/؊ macrophages. The inhibitory actions of YVAD-cmk were mimicked by the pan-caspase inhibitor zVAD-fmk and the serine protease inhibitor TPCK, but not the caspase-3 inhibitor DEVD-cho. These data suggest that the ASC/NLRP3 inflammasome complexes assembled in response to P2X7R activation involve protease effector(s) in addition to caspase-1, and that these proteases may play important roles in regulating the membrane trafficking pathways that control biogenesis and release of MHC-II-containing exosomes. The Journal of Immunology, 2009, 182: 5052-5062.
S timulation of P2X7 purinergic receptors (P2X7R)
3 triggers the rapid assembly of inflammasome signaling complexes (1) , which include ASC (apoptosis-associated speck-like protein containing a caspase-recruitment domain) (2) and NLRP3 (NLR family, pyrin domain containing 3; formerly Nalp3 or cyropyrin) (3); these complexes act as signaling platforms to drive the proteolytic activation of caspase-1 and maturation of IL-1␤. In a previous study of the mechanisms underlying nonclassical IL-␤ secretion stimulated by activation of P2X7R in murine macrophages, we observed that ATP-induced caspase-1 activation and IL-1␤ release were temporally correlated with a rapid and robust secretion of MHC class II (MHC-II) protein (4) . That the ATPtriggered MHC-II export was greatly increased by LPS priming and was attenuated by the YVAD caspase-1 inhibitor suggested the intriguing possibility that caspase-1 inflammasomes play additional roles in the biogenesis and trafficking of MHC-II-enriched membrane compartments. Although rapid perturbation of ion homeostasis is the best characterized cellular response to P2X7R activation, this ATP-gated nonselective cation channel has also been associated with a diverse array of membrane trafficking responses in immune and inflammatory effector cells (5) (6) (7) (8) . MHC-II proteins, which are selectively expressed in professional APCs, including macrophages, dendritic cells (DCs), and B cells, play critical roles in mediating the presentation of extracellular pathogen-derived and other exogenous proteins to CD4 ϩ Th cells. Notably, a previous study by Di Virgilio and colleagues reported that activation of P2X7R potentiated Ag presentation by murine DCs (9) . However, the mechanisms by which P2X7R signaling regulate MHC-II trafficking and Ag presentation remain unclear.
Altered expression of MHC-II-peptide complexes has been associated with various inflammatory and autoimmune diseases (10, 11) . Unlike the class I MHC molecules, which bind antigenic peptides transported into the endoplasmic reticulum (ER), the formation of foreign Ag-class II complexes occurs in the MHC-II-containing compartments (MIICs). These MIICs are specialized late endosomes/lysosomes that are enriched in MHC-II protein. Other molecules that are contained within the MIICs include HLA-DM, HLA-DO, IFN-␥-inducible lysosomal thiol reductase, and cathepsins, which are important for exogenous peptide processing, loading, and editing (12, 13) . The biogenesis and the plasma membrane expression of peptide-MHC-II (pMHC-II) complexes involve several membrane trafficking pathways, including: 1) endocytosis of extracellular foreign protein via the recycling endosomes; 2) formation of lysosome-like MIICs through the fusion of late endosomes that contain exogenous Ags with the de novo synthesized MHC-II molecules derived from the Golgi apparatus; and 3) formation of multivesicular bodies (MVBs) generated by inward budding from the limiting membrane of the MIIC organelles and accumulation of these inward buds as intraluminal vesicles (ILVs). The pMHC-II complexes are formed via Ag loading onto the MHC-II pools of both ILVs and the limit membrane of these specialized MVBs. This facilitates delivery of pMHC-II complexes to the cell surface upon exocytotic fusion of the MVBs with the plasma membrane (13) (14) (15) . Additionally, this exocytosis can result in the direct secretion of the MHC-II-containing ILVs into the extracellular compartment as so-called exosomes.
Most APCs directly present their Ags to T cells via the cell surface pool of MHC-II. However, increasing evidence indicates that MVBderived exosomes containing pMHC-II complexes are also competent to promote T cell activation/proliferation and thereby initiate Ag-specific immune responses in vivo (16, 17) . Various studies have indicated that released exosomes can activate remote T lymphocytes either by direct Ag presentation from the pMHC-II displayed on the exosomal surface or by a predominant indirect pathway wherein these exosomes are taken up by remote naive DCs for DC-mediated Ag presentation (17) (18) (19) . Recent studies on exosome biology have expanded their physiological functions to even broader types of intercellular communication, including the exchange of genetic material such as intact mRNAs and microRNAs, transfer of oncogenic growth factor receptors from tumor cells to remote nontransformed cells, trans-infection of T cells by HIV-1 virions packaged within DC-derived exosomes, and transfer of pathogen-associated molecular patterns (PAMPs) between macrophages (20 -23) .
Intracellular signaling cascades that may regulate the various steps of exosome biogenesis are poorly defined. The formation and secretion of MHC-II-containing exosomes in APCs has been largely viewed as a constitutive pathway. However, recent studies performed in DCs and B cells suggest that both cell surface MHC-II levels and the Ag presentation capacities of released MHC-II-containing exosomes are dynamically regulated by various signaling pathways active during particular phases of APC maturation or stimulation (24 -26) . In contrast to the slow constitutive secretion of exosomes that typically occurs over ϳ24 -48 h of media conditioning by cultured APCs, recent studies have demonstrated that exosome release can be accelerated by conditions or pharmacological agents that target various signaling pathways (20, 27, 28) .
In this study we extend the analysis of P2X7R-induced release of MHC-II-containing membranes in murine primary macrophages and DCs by defining: 1) the basic biophysical and biochemical properties of the released MHC-II vesicles; and 2) the role of particular inflammasome-associated proteins, including ASC, NLRP3, and caspase-1 in the biogenesis/export of these vesicles. In contrast to the slow constitutive MHC-II secretion previously described in DCs and B cells, the ATP-triggered MHC-II release occurred in a very rapid and efficient manner (within 15 min after ATP stimulation) and included both larger (100-to 600-nm) plasma membrane-derived microvesicles and smaller (50-to 80-nm) exosome-like vesicles. Moreover, our data indicate that the signaling cascades required for the secretion of MHC-II membranes overlap with, but are distinct from, those required for caspase-1 activation and IL-1␤ export. Although maximal P2X7R-dependent MHC-II release requires 1) LPS priming, 2) the inflammasome adapter proteins ASC and NLRP3, and 3) effector proteins sensitive to the widely used YVAD-cmk inhibitor of caspase-1, it is not affected by the absence of caspase-1 expression per se. The discrepant effects on ATP-triggered MHC-II release observed with ASC Ϫ/Ϫ or NLRP3 Ϫ/Ϫ bone marrow-derived macrophages (BMDMs) vs caspase-1 Ϫ/Ϫ BMDMs reveal an additional role for P2X7R-regulated inflammasome adapter proteins other than acting as the molecular platform for caspase-1 maturation.
Materials and Methods

Reagents
Key reagents and their sources were: Escherichia coli LPS serotype O1101:B4 (List Biological Laboratories; ATP (Sigma-Aldrich), YVADcmk (Bachem), DEVD-cho (BIOMOL), ZVAD-fmk (BIOMOL), and NaTosyl-Phe-chloromethylketone (TPCK) (Sigma-Aldrich). The cytotoxicity detection kit was from Roche. Recombinant murine IFN-␥ was from Boehringer Mannheim Biochemica. Anti-caspase-1 p10 rabbit polyclonal, anti-cathepsin B goat polyclonal, anti-actin goat polyclonal, anti-LAMP-1 rat monoclonal, and all HRP-conjugated secondary Abs were from Santa Cruz Biotechnology. The monoclonal 3ZD anti-IL-1␤ Ab, which recognizes both 33-kDa pro-IL-1␤ and 17-kDa mature IL-1␤ in Western blot analysis, was provided by the Biological Resources Branch, National Cancer Institute, Frederick Cancer Research and Development Center (Frederick, MD). The mouse mAb KL295 against MHC-II ␤-chain (I-A b and I-A d haplotypes) and the rat anti-mouse ASC mAb have been previously described (29) .
Mouse models and methods for isolation and cell culture of BMDMs and DCs
C57BL/6 mice were purchased from Taconic; P2X7R Ϫ/Ϫ mice were originally provided by Pfizer Global Research and Development, and then backcrossed into a pure C57BL/6 background for Ͼ12 generations from a P2X7R Ϫ/Ϫ mouse strain described previously (30) . ASC Ϫ/Ϫ and NLRP3 Ϫ/Ϫ mice (C57BL/6 background) were generated as described previously in the Nunez Laboratory at the University of Michigan. Caspase-1 Ϫ/Ϫ mice (C57BL/6 background) that were backcrossed for five generations with the C57BL/6J strain were obtained from Richard Flavell (Yale University). All experiments and procedures involving mice were approved by the Institutional Animal Use and Care Committees of either Case Western Reserve University or the University of Michigan.
BMDMs were isolated by previously described protocols (31) . Mice were euthanized by CO 2 inhalation. Femurs and tibia were removed, briefly sterilized in 70% ethanol, and PBS was used to wash out the marrow cavity plugs. The bone marrow cells were resuspended in DMEM (SigmaAldrich) supplemented with 25% L cell-conditioned medium, 15% calf serum (HyClone Laboratories), 100 U/ml penicillin, and 100 g/ml streptomycin (Invitrogen), plated onto 150-mm dishes, and cultured in the presence of 10% CO 2 . After 5-9 days, the resulting BMDMs were detached with PBS containing 5 mM EDTA and 4 mg/ml lidocaine (31), replated into 6-well or 12-well plates, and used within 10 days. A similar method was used to generate DCs: the bone marrow cells were cultured in DMEM supplemented with 3-5% J558L cell-conditioned medium, which contains GM-CSF, 15% calf serum, 100 U/ml penicillin, and 100 g/ml streptomycin. Culture medium was changed after 3 days postisolation, and the cells were used after 7 days postisolation.
Western blot analyses for caspase-1 activation and release, IL-1␤ processing and secretion, exocytosis of secretory lysosomes, and plasma membrane microvesicle shedding
BMDMs were routinely seeded in 6-well plates to a cell density of ϳ2 ϫ 10 6 /well and stimulated with 2 ng/ml IFN-␥ for 16 -18 h before LPS priming and ATP stimulation. IFN-␥ treatment is required to up-regulate expression of MHC-II in BMDMs. After IFN-␥ priming, the culture medium was replaced with fresh medium supplemented with or without 1 g/ml LPS. In some experiments, cells were pretreated with various pharmacological inhibitors before, and during, LPS priming. Cells were primed with LPS for 4 h at 37°C, followed by washing once with PBS and transfer to 1 ml of basal saline solution (BSS) assay medium containing 130 mM sodium gluconate, 5 mM KCl, 20 mM NaHEPES, 1.5 mM CaCl 2 , and 1.0 mM MgCl 2 (pH 7.5) supplemented with 5 mM glucose, 5 mM glycine, and 0.01% BSA. Experiments testing effects of extracellular Ca 2ϩ on MHC-II release utilized BSS with no added CaCl 2 . Cells were then equilibrated for an additional 5 min at 37°C before stimulation with ATP. To terminate the release reaction, the entire 1 ml of extracellular medium was transferred to a tube on ice, while the cell monolayer was rapidly washed once with 1 ml of ice-cold PBS and then lysed by addition of 150 l of radioimmunoprecipitation assay (RIPA) extraction buffer (1% Nonidet P-40, 0.5% Nadeoxycholate, 0.1% SDS (pH 7.4) in PBS) containing PMSF, leupeptin, and aprotinin. For processing of extracellular media, the collected 1-ml samples were centrifuged at 10,000 ϫ g for 10 s to remove any detached cells, followed by transfer of the supernatant to a fresh tube. The supernatant was concentrated by TCA precipitation using 72 l of 100% TCA and 15 l of 10% cholic acid per 1 ml of extracellular media. The precipitated pellets were washed three times with 1 ml of acetone, dissolved in 10 l of 0.2 M NaOH, diluted with 35 l of H 2 O, supplemented with 15 l of 4ϫ SDS-PAGE sample buffer, and boiled for 5 min. For processing of cell lysates, the 150-l RIPA extracts were combined with any detached cells from the extracellular media, recentrifuged, and supernatants were transferred to fresh tubes. Cell lysate (45 l) was supplemented with 15 l of 4ϫ SDS-PAGE sample buffer and boiled for 5 min. Extracellular media and cell lysates were processed by SDS-PAGE, electrophoretic transfer to polyvinylidene difluoride membranes, and standard Western blot protocols as described previously (32) . Primary Abs were used at the following concentrations: 5 g/ml for IL-1␤, 1 g/ml for caspase-1, 1 g/ml for actin, 0.04 g/ml for LAMP-1, 1 g/ml for cathepsin B, and 0.8 g/ml for MHC-II. HRP-conjugated secondary Abs were used at a final concentration of 0.13 g/ml.
Purification of microvesicles and exosomes
All experiments that characterized the MHC-II-containing membrane vesicles by centrifugation analysis utilized BMDMs or bone marrow-derived DCs (BMDCs) grown in 150-mm dishes to a cell density of ϳ10 ϫ 10 7 . The BMDMs were stimulated with 2 ng/ml IFN-␥ for 16 -18 h before LPS priming and ATP stimulation. Culture medium was replaced with fresh medium supplemented with or without 1 g/ml LPS. The cells were primed with LPS for 4 h at 37°C, followed by washing once with PBS and transfer to 10 ml of BSS assay medium. Cells were then equilibrated for an additional 5 min at 37°C before stimulation with 5 mM ATP for indicated times. The collected medium was immediately transferred into a tube containing PMSF, leupeptin, and aprotinin on ice, and then followed by sequential centrifugation at 4°C for 10 min at 300 ϫ g, 20 min at 1,200 ϫ g, 30 min at 10,000 ϫ g (Sorvall SS-34 rotor), and 1 h at 100,000 ϫ g (Beckman Coulter Ti 90 rotor). The pellets from 10,000 ϫ g and 100,000 ϫ g spins were resuspended in 1 ml of PBS, laid on top of a linear sucrose density gradient (see below), and then centrifuged at 100,000 ϫ g for 15-16 h (Beckman Coulter SW28 rotor). For Western blot analysis of the microvesicles and exosomes, the collected medium was sequentially centrifuged at 4°C for 10 min at 300 ϫ g, 20 min at 1,200 ϫ g, 30 min at 10,000 ϫ g (Sorvall SS-34 rotor), and 15-16 h at 100,000 ϫ g (Beckman Coulter Ti 90 rotor). The pellets collected from 10,000 ϫ g and 100,000 ϫ g were resuspended in 1 ml of PBS, precipitated by TCA, and analyzed by Western blot.
Equilibrium sucrose density gradient centrifugation
Continuous sucrose density gradients were generated by layering 1-ml aliquots of 12 sucrose solutions (65%, 60%, 55%, 50%, 45%, 40%, 35%, 30%, 25%, 20%, 15%, 10% in 20 mM HEPES/NaOH (pH 7.2)) upon one another successively in a 15-ml ultraclear polyallomer centrifuge tube (Beckman Coulter), with the heaviest layer at the bottom and the lightest layer at the top. The tube was incubated at 4°C for 5-6 h to allow diffusional mixing to establish a continuous sucrose density gradient. To perform sucrose density gradient centrifugation, the collected extracellular medium from BMDM or BMDC cultures was sequentially centrifuged for 10 min at 300 ϫ g and 20 min at 2000 ϫ g to eliminate detached intact cells and large debris. The resulting supernatant was concentrated for ϳ1.5-2 h at 3000 ϫ g using Centriprep (Ultracel YM-3 membrane; Millipore), which decreased the media volume from 10 to ϳ1 ml. The concentrated extracellular supernatant was then loaded on top of the preequilibrated sucrose density gradient and centrifuged at 100,000 ϫ g for 15 h (Beckman Coulter SW28 rotor). Fractions (1 ml) were taken from the top of the tube and the density of each collected fraction was measured by direct weighing of the 1-ml aliquot. After weighing, each fraction was diluted with 1 ml of PBS and then precipitated with TCA. The precipitated proteins were analyzed by Western blot for various proteins (MHC-II, caspase-1, IL-1␤, LAMP-1, actin) as indicated in particular figures.
Electron microscopy
Purified microvesicles and exosomes were fixed in a mixture of 2.0% glutaraldehyde and 4% sucrose in a 0.05 M phosphate buffer (pH 7.4) for 2 h and then postfixed in 1% osmium tetroxide for 1 h at room temperature. Samples were then block-stained in 0.5% aqueous uranyl acetate, dehydrated in ascending concentrations of ethanol, and embedded in Epon 812.
Ultrathin sections (60-nm thicknesses) were cut on a RMC MT6000-XL microtome and stained with 2% uranyl acetate in 50% methanol and with lead citrate, and then examined in a JEOL 1200EX electron microscope at 80 kV.
Measurement of lactate dehydrogenase (LDH) release
Basal and ATP-stimulated LDH release was measured as described previously using a cytotoxicity detection kit from Roche (33) . The results are expressed as a percentage of total LDH released, which was obtained by dividing the amount of LDH detected extracellularly by the sum total of LDH detected within the cell and the amount detected in extracellular medium, and multiplying by 100.
Results
P2X7R activation stimulates the rapid release of MHC-II membranes from inflammatory murine macrophages
We previously reported that activation of P2X7R can induce efficient intracellular inflammasome assembly and maturation of IL-1␤, followed by rapid secretion of the mature IL-1␤ and activated caspase-1 to the extracellular compartment (4) . Concurrent with these responses, we also observed an ATP-induced rapid release of MHC-II. We compared ATP-induced MHC-II secretion in BMDMs bathed in Na-gluconate balanced salt solution (BSS) (as an optimal experimental test solution for P2X7R activation) (33) vs standard DMEM (as a NaCl-based physiological tissue culture medium). As indicated in Fig. 1A , under both test conditions a rapid secretion of MHC-II was initiated during the first 15 min of exposure to ATP, and this was followed by a sustained accumulation during the next 75 min. Consistent with our previous observations that extracellular Cl Ϫ decreases the efficacy of P2X7R as an activator of caspase-1 inflammasomes (33), we observed attenuated, but still significant, MHC-II release and delayed caspase-1 activation when BMDMs were stimulated with ATP in DMEM vs Na-gluconate BSS. We used semiquantitative Western blot analysis ( (Fig. 1D ).
In the absence of acute ATP stimulation, the IFN-␥-and LPSprimed BMDMs did not release measurable MHC-II during 90-min test incubations (Fig. 1E ). We also observed no MHC-II release in BMDMs derived from P2X7R-null mice that were primed with IFN-␥ and LPS and stimulated with 5 mM ATP for up to 90 min (Fig. 1F ). This is notable because murine macrophages express multiple P2 receptors, in addition to P2X7R, that are also activated by extracellular ATP and other nucleotides (34) . Similar levels of total MHC-II were expressed in the P2X7-knockout BMDMs. As previously described (4, 35, 36) , the P2X7R-deficient macrophages exhibited no caspase-1 activation response to extracellular ATP. Consistent with our previous findings (33) and those of others (37), sustained activation of P2X7R for 90 min induced significant macrophage death, but only after priming with LPS. ATP-induced cell death, as indicated by LDH release, was 38% in IFN-␥ plus LPS-primed cells vs 5% in cells primed with IFN-␥ only (supplemental Fig. 1 ). 4 At 30 min after ATP stimulation, the LDH release was proportionately lower (11% in IFN-␥/LPS-primed vs 5% in IFN-␥-primed cells). ATP-induced cell death was strictly dependent on expression of P2X7R, as indicated by the minor LDH release (4% at 90 min) in IFN-␥/LPS-primed BMDMs from P2X7R-knockout mice.
Distinct regulatory roles of the inflammasome proteins ASC, NLRP3, and caspase-1 in P2X7R-stimulated MHC-II release
We examined MHC-II release in non-LPS-primed vs LPS-primed macrophages in response to P2X7R stimulation during a 90-min test period. When compared with LPS-primed cells, both the kinetics and extent of ATP-induced MHC-II release were markedly attenuated in the non-LPS-primed macrophages. At 30 min after ATP stimulation, the nonprimed BMDMs released 1 Ϯ 0.3% (n ϭ 8) of their MHC-II in contrast to the 5.3 ϩ 0.5% (n ϭ 8) secreted by the LPS-primed cells. Even after 90 min of ATP stimulation, only 3.8 ϩ 1.8% (n ϭ 8) of the MHC-II pool was externalized by the nonprimed cells relative to the 15.3 Ϯ 0.1% (n ϭ 8) release observed in the primed BMDMs (Fig. 2, A and B) . This suggests that LPS-dependent signaling cascades, which are required for efficient coupling of P2X7R to caspase-1 inflammasome assembly, also facilitate ATP-stimulated MHC-II secretion.
Inclusion of YVAD-cmk, an inhibitor of active caspase-1, during ATP stimulation of the LPS-primed BMDMs significantly altered the kinetics and magnitude of MHC-II secretion (Fig. 2, A  and B) . Only 0.3 Ϯ 0.2% (n ϭ 6) of the MHC-II pool was secreted during 30 min of ATP stimulation in the presence of YVAD-cmk vs 5.3 ϩ 0.5% (n ϭ 8) release in its absence. Prolongation of the ATP stimulation duration to 90 min did not overcome this blocking effect; at this time point, YVAD-treated cells released 1 Ϯ 0.5% (n ϭ 6) of their MHC-II relative to the 15.3 Ϯ 0.1% (n ϭ 8) release in its absence. These findings suggested a potential role of active caspase-1 in regulating the MHC-II trafficking response to P2X7R stimulation. To investigate whether caspase-1 is indeed essential for the P2X7R-stimulated MHC-II release, we compared the kinetics and magnitudes of ATP-induced MHC-II release in BMDMs derived from wild-type (WT) vs caspase-1-null mice. BMDMs were plated 2 ϫ 10 6 /well and pretreated with IFN-␥ (2 ng/ml) for 16 -18 h before LPS (1 g/ml) priming for 4 h. Cells were transferred to either BSS or DMEM and stimulated with 5 mM ATP for the indicated times. The extracellular media and cell lysates were separately collected and processed for Western blot analysis. The blot membrane was first probed with anti-MHC-II Ab, then stripped and sequentially probed with Abs against caspase-1. These data are representative of similar time course studies from six separate experiments with BSS and four separate experiments with DMEM. C, A standard curve was generated from a series of dilutions corresponding to the indicated number of IFN-␥ and LPS-primed BMDMs per lane. Densitometric analysis performed with ImageJ version 1.39u imaging software (59) Surprisingly, the absence of caspase-1 only modestly affected the kinetics and extent of ATP-triggered MHC-II secretion (Fig. 2, C  and D) . A reduction in MHC-II release from the knockout cells was observed at 30 min (2.6 ϩ 0.3% (n ϭ 5) vs 5.3 ϩ 0.5% (n ϭ 8) in the control macrophages). However, with more prolonged ATP stimulation periods (90 min), the caspase-1 Ϫ/Ϫ and WT BMDMs released comparable amounts of MHC-II (15.5 ϩ 1.5% (n ϭ 5) vs 15.3 Ϯ 0.1% (n ϭ 8) in knockout vs control, respectively). Notably, treatment of the caspase-1 knockout macrophages with YVAD-cmk markedly inhibited ATP-stimulated MHC-II secretion at all time points (Fig. 2, C and D) ; released MHC-II at 90 min was 5 Ϯ 1% (n ϭ 4) in the presence of the peptide vs 15.5 ϩ 1.5% (n ϭ 5) in its absence.
Peptide inhibitors of the various caspases are not completely selective (38, 39) . To test the selectivity of YVAD-cmk as an inhibitor of ATP-stimulated MHC-II release in WT BMDMs, we also examined the effects of zVAD-fmk (a pan-caspase inhibitor), TPCK (a serine protease inhibitor), or DEVD-cho (a caspase-3 inhibitor) (Fig. 2E) . The zVAD-fmk and TPCK, but not DEVDcho, markedly attenuated MHC-II release (measured at 30 min) and completely abrogated caspase-1 activation in response to P2X7R activation. The effects of these protease inhibitors on MHC-II release were not due to nonspecific toxic effects or suppression of proximal P2X7R activation because none of the agents blocked ATP-stimulated exocytosis of secretory lysosomes (as assayed by cathepsin B release) (Fig. 2E) . We have previously reported that P2X7 receptors trigger the mobilization of secretory lysosomes from macrophages via Ca 2ϩ -dependent signaling that can be dissociated from the parallel pathway that couples these receptors to inflammasome activation (4).
To further dissect the possible role of inflammasome complex assembly upstream of caspase-1 in regulating P2X7R-dependent Time (min) MHC-II secretion, we used BMDMs derived from WT, ASC-null, and NLRP3-null mice for comparative analyses of MHC-II release kinetics during ATP stimulation periods ranging from 15 to 60 min (Fig. 3, A and B ; the WT and caspase-1-null quantitative data sets from Fig. 2D have been replotted for comparison) . At all time points, P2X7R-dependent MHC-II release was markedly decreased in ASC Ϫ/Ϫ and NLRP3 Ϫ/Ϫ macrophages compared with WT cells or caspase-1 Ϫ/Ϫ cells. At 60 min, the extracellular content of MHC-II as a percentage of the total cellular MHC-II pool was 0.1 Ϯ 0.1% (n ϭ 7) for ASC Ϫ/Ϫ cells and 1.2 Ϯ 0.2 (n ϭ 7) for NLRP3 Ϫ/Ϫ macrophages, which contrasted with 7.8 ϩ 1.6% (n ϭ 8) for WT cells. Notably, the release of MHC-II from ASCnull cells measured at 30 min was greater (1 Ϯ 0.5% (n ϭ 7)) than at 60 min; this suggests that previously released MHC-II might be reaccumulated or metabolically cleared in the absence of sustained export of MHC-II. As noted previously, the ATP-stimulated caspase-1 Ϫ/Ϫ cells released MHC-II at levels that were only modestly different from those in WT cells (no difference at 15 min, 45% decrease at 30 min, 75% increase at 60 min). We verified that the BMDMs derived from these four different mouse strains expressed similar amounts of total MHC-II protein (Fig. 3C) . Moreover, BMDMs derived from the ASC-or NLRP3-deficient mice were not compromised in ATP-stimulated secretory lysosome exocytosis, which is strictly dependent on the influx of extracellular Ca 2ϩ triggered by P2X7R (4), but were completely deficient in P2X7R-induced inflammasome activation and release of active caspase-1 (Fig. 3D) .
MHC-II released in response to P2X7R activation is contained in microvesicles and exosome-like vesicles with distinct morphologies
Previous studies have demonstrated that MHC-II constitutively released from dendritic cells or B cells is predominantly associated with membranous exosome vesicles derived from the intraluminal vesicles of MIIC or other MVB-like organelles (40, 41) . To further characterize the nature of the MHC-II pool(s) secreted in response to P2X7R activation, we tested whether the released MHC-II is associated with membrane compartments that exhibit the established biophysical properties of exosomes by using equilibrium sucrose density gradient centrifugation. As indicated in Fig. 4A , all MHC-II released in response to ATP was localized to sucrose densities ranging between 1.08 and 1.15 g/ml, consistent with the buoyant density of exosomes reported in previous studies (16, 20, 41) . In contrast, the lysosomal protease cathepsin B, a soluble protein released via secretory lysosome exocytosis stimulated by P2X7R, was exclusively localized at the top of the sucrose gradient. Interestingly, we also observed that subfractions of LAMP-1, caspase-1 p10 subunit, and mature IL-1␤ colocalized with MHC-II in the Ͼ1.1 g/ml density bands of the sucrose gradient. This further supports our previous hypothesis that MVB-derived exosomes may comprise a nonclassical secretory pathway for release of mature IL-1␤ and active caspase-1 from murine macrophages.
Activation of P2X7R is also known to trigger rapid blebbing of the plasma membrane (5) and shedding of such blebs as released microvesicles or microparticles (6 -8, 42) . To test the contribution of shed microvesicles vs exosomes to the MHC-II fractions observed in sucrose gradients, we collected the extracellular media from BMDMs stimulated by ATP (precleared of detached cells and large debris by successive centrifugation at 300 ϫ g and 2000 ϫ g) and then isolated an initial pellet fraction that sedimented at 10,000 ϫ g and a secondary pellet that sedimented at 100,000 ϫ g. Electron microscopic analysis of these two sedimentable membrane fractions (Fig. 4C) revealed that the 100,000 x g pellet contained homogeneously sized and optically dense vesicles ranging from 50 to 80 nm in diameter, which is consistent with the reported morphological properties of exosomes. In contrast, the 10,000 ϫ g pellet contained a more heterogeneous component of membrane vesicles that ranged in size between 100 and 600 nm in diameter.
Each resuspended membrane fraction was also loaded on linear sucrose density and recentrifuged at 100,000 ϫ g for 16 h. As shown in Fig. 4B , MHC-II similarly accumulated in the 1.11-1.14 g/ml density fractions in gradients containing either 10,000 ϫ g pellets, which represent the presumed microvesicle pool, or the 100,000 ϫ g pellets, which represent the putative exosome pool. Thus, the MHC-II released in response to P2X7R activation appears to be associated with two different membrane compartments that have distinct biogenesis: microvesicles and exosomes. Moreover, although the two membrane compartments have different masses, they have similar densities. Hereafter, we refer to the 10,000 ϫ g pellet fraction as MHC-II microvesicles and the 100,000 ϫ g pellet fraction as MHC-II exosomes. We further characterized the ATP-induced MHC-II microvesicles and exosomes for the presence of LAMP-1 and actin, two other marker proteins previously described in some but not all types of released exosomes (40, 41) . Both proteins were observed in MHC-II exosomes and MHC-II microvesicles (Fig. 5A) , albeit with markedly lower levels of LAMP-1 in the exosome pool at 15 min, but not 30 min, after ATP stimulation.
ASC and NLRP3 are required for the release of MHC-II exosomes, but not MHC-II microvesicles, in response to P2X7R stimulation
We compared the distributions of MHC-II microvesicles and MHC-II exosomes released from WT, ASC Ϫ/Ϫ , and NLRP3
Ϫ/Ϫ macrophages subjected to identical ATP stimulation periods of 30 min. Fig. 5 , B and C, show that similar amounts of MHC-II microvesicles (also positive for LAMP-1 and actin) were released by ATP-stimulated BMDMs derived from WT, ASC Ϫ/Ϫ , or NLRP3
Ϫ/Ϫ mice. Conversely, the P2X7R-dependent release of MHC-II exosomes (also containing LAMP-1 and actin markers) from ASC Ϫ/Ϫ and NLRP3 Ϫ/Ϫ macrophages was greatly reduced relative to that measured in the WT cells. Thus, the ASC and NLRP3 inflammasome proteins play critical roles in coupling P2X7R signaling to the biogenesis/export of MVBderived exosomes, but not the shedding of plasma membrane microvesicles. Exosomes (100,000g pellet) Microvesicles (10,000g pellet) FIGURE 4. P2X7R-induced release of MHC-II containing membranes includes both microvesicles and exosomes. A, 30 -40 ϫ 10 6 BMDMs were pretreated with IFN-␥ (2 ng/ml) for 16 -18 h before LPS (1 g/ml) priming for 4 h. The cells were transferred to BSS and then stimulated with 5 mM ATP for 15 min. The collected extracellular media were centrifuged successively at 300 ϫ g and 2000 ϫ g, concentrated by Centriprep filters followed by layering on top of linear sucrose density gradients and overnight centrifugation. Each fraction from the sucrose gradient was weighed and then subjected to Western blot analysis. The membrane was sequentially probed with anti-MHC-II, anti-caspase-1, anti-IL-1␤, anti-LAMP-1, and anti-cathepsin B. Data are representative of results from two experiments. B, IFN-␥ and LPS-primed BMDMs were transferred to BSS and stimulated with 5 mM ATP for 15 min. The extracellular media was collected, sequentially centrifuged at 300 ϫ g, 2,000 ϫ g, 10,000 ϫ g, and 100,000 ϫ g. The pellets from the 10,000 ϫ g and 100,000 ϫ g spins were processed by equilibrium sucrose density gradient centrifugation and the resulting fractions were analyzed by Western blot. The results are representative of two experiments. C, IFN-␥ and LPSprimed BMDMs were stimulated with 5 mM ATP for 15 min. The extracellular media was collected and sequentially centrifuged at 300 ϫ g, 2, 000 ϫ g, 10,000 ϫ g, and 100,000 ϫ g. The microvesicles obtained from the 10,000 ϫ g pellet and the exosomes obtained from the 100,000 ϫ g pellet were analyzed by electron microscopy. The scale bars are 100 nm and the the images are representative of observations from two experiments.
Immature and mature DCs also rapidly release MHC-II membrane vesicles in response to extracellular ATP
DCs have been studied extensively to define the mechanisms that underlie exosome formation/secretion and the intracellular trafficking of MHC-II molecules (26, 43) . We investigated whether murine BMDCs might also rapidly release membranes that contain MHC-II in response to external stimuli such as ATP. As illustrated in Fig. 6A , ATP-induced caspase-1 inflammasome activation and IL-1␤ maturation were strictly dependent on LPS priming of DCs before ATP stimulation. Rapid accumulation of extracellular LAMP-1 was also triggered by ATP in DCs. Both immature DCs (non-LPS primed condition) and mature DCs (24 h LPS primed condition) expressed similar levels of MHC-II; this high constitutive expression of MHC-II distinguishes DCs from macrophages, which express significant MHC-II only after stimulation with IFN-␥. In contrast to macrophages (Fig. 1E) , both the immature DCs and mature DCs exhibited substantial rates of basal or constitutive secretion of MHC-II in the absence of ATP stimulation (Fig. 6A) . However, ATP induced a marked increase in MHC-II release concurrently with caspase-1 activation and IL-1␤ export. and NLRP3 Ϫ/Ϫ sample lanes were normalized to the band densities measured in the WT sample lanes. The collected extracellular media were sequentially centrifuged to eliminate dead cells and debris, followed by concentration. In B and C, the concentrated samples were directly loaded onto linear sucrose gradients. D, The concentrated medium samples were supplemented with or without Triton X-100 before loading onto linear sucrose gradients. The sucrose gradient samples were then centrifuged at 100,000 ϫ g for 16 h. Fractions (1 ml) were collected, weighed, precipitated by TCA, and analyzed by Western blot.
We tested whether the ATP-stimulated MHC-II membranes rapidly released from mature DCs are similar in buoyant density to the exosomes constitutively secreted from both immature and mature DCs. In the absence of external stimuli, both the immature DCs (no LPS priming) and mature DCs (24 h LPS priming) constitutively secreted MHC-II during 24 h of medium conditioning, and this MHC-II was predominantly distributed in the 1.09 -1.14 g/ml regions of sucrose gradients (Fig. 6B) . Mature DCs also released a modest amount of MHC-II vesicles with similar density characteristics even during short-term (20-min) medium conditioning in the absence of ATP stimulation (Fig. 6C) . However, inclusion of ATP during this acute 20-min incubation significantly increased this extracellular MHC-II membrane pool. Finally, parallel samples of extracellular medium from ATP-stimulated mature DCs were supplemented with or without Triton X-100 before loading on the sucrose gradients. Fig. 6D shows that the distribution of released MHC-II was maximal at the 1.14 g/ml region of the sucrose gradient, while the triton-treated MHC-II fraction was largely shifted to the soluble, low-density (Ͻ1.03 g/ml) region. This further indicated that the MHC-II released from DCs in response to brief ATP stimulation is contained within membranes that have the same buoyant density as exosomes constitutively released from immature or mature DCs.
Discussion
This study provides a detailed characterization of P2X7R-stimulated release of MHC-II-containing membranes from murine macrophages and DCs in the context of the overall proinflammatory response that involves rapid assembly of the ASC/NLRP3 inflammasomes that control caspase-1 activation. Our data indicate that the rapid MHC-II secretion triggered by P2X7R is associated with two types of membrane compartments: microvesicles and exosomes. Based on biochemical and biophysical analysis, we were able to distinguish between ATP-induced microvesicles and exosomes. While both contain MHC-II and exhibit similar densities, each is distinguished by a different morphology, mass, and intracellular biogenesis. Electron microscopic images indicated that the plasma membrane-derived microvesicles are heterogeneous in size (100 nm to 600 nm in diameter), while the MVBderived exosomes are smaller and much more homogeneous in size (50 -80 nm in diameter). Using both pharmacological and genetic approaches, we determined that the inflammasome proteins ASC and NLRP3 play critical roles in regulating the release of MHC-II exosomes independently of their parallel function as key molecular mediators of the caspase-1 activation response to P2X7R signaling.
Plasma membrane-derived microvesicles vs MVB-derived exosomes as a source of extracellular MHC-II
We (33) and others (37) have reported that sustained P2X7R activation triggers significant death of LPS-primed macrophages in a time frame similar to that characterizing the release of MHC-II. However, the ATP-triggered microvesicles and exosomes are morphologically distinct from apoptotic bodies, which are 1-4 m in diameter (44) . Previous analyses of exosomes constitutively secreted by DCs and B cells indicated that several MIIC membrane proteins, including LAMP-1, are found mainly on the limiting membrane of MVBs and are minimally detectable in the secreted exosomes (45) . We observed that LAMP-1 and actin were associated with the ATP-induced exosomes but that the abundance of these markers increased with the duration of the ATP stimulus. In contrast, both LAMP-1 and actin were present in ATP-induced microvesicles, even at the earliest time points of isolation. This indicates that the plasma membrane component of LAMP-1, as well as the underlying actin cytoskeleton, can be incorporated into the plasma membrane blebs that rapidly form in response to P2X7R activation and then scission away from the cell surface as released microvesicles. The enrichment of LAMP-1 and actin within the exosome pool observed with longer ATP stimulation suggests that plasma membrane-associated proteins are trafficked into endosomes during the early phase of P2X7 activation, incorporated into the ILV of MVBs, and then secreted as exosomes following MVB exocytosis. Recent studies have indicated that both MHCII and LAMP-1 associated with secretory lysosomes can be rapidly incorporated into the plasma membrane of human monocytes in response to Ca 2ϩ ionophore treatment (46) .
Multiple studies have shown that Ag-loaded exosomes can be rapidly taken up by naive DCs and macrophages remote from the origin of exosome generation (17) (18) (19) . In our experimental cell culture model it is possible that MHC-II membranes released at the earlier times following the ATP stimulus are resequestered by viable macrophages at later times. In particular, MHC-II microvesicles initially mobilized by inflammasome-independent mechanisms may be progressively cleared by cells that lack the ability for sustained production and release of MHC-II exosomes. This may underlie the reduced levels of extracellular MHC-II observed at 60 or 90 min vs earlier times in some experiments with ASC-/NLRP3-null macrophages (Fig. 3, A and B) or YVAD-treated cells (Fig. 2, A and B) .
Intracellular signaling cascades that regulate the formation of microvesicles and exosomes
The molecular mechanisms that underlie MHC-II trafficking within the endocytic pathway and the sorting signals involved in MVB formation have not been completely defined. Previous studies have demonstrated that the LPS-induced maturation of DCs regulates the cell surface level of MHC-II via a ubiquitinationbased mechanism that provides critical signals for both efficient endocytosis from the plasma membrane and cargo protein sorting into the luminal vesicles of MVBs (24, 25) . In murine macrophages, LPS-dependent signaling is necessary for the P2X7R-coupled inflammasome activation that results in processing and release of IL-1␤ and IL-18 (4, 32) . Our new data (Fig. 2) indicate that LPS-dependent signals are essential for the optimal coupling of P2X7R to MHC-II trafficking and export. That the release of LAMP-1-positive MHC-II exosomes, but not MHC-II microvesicles, is abrogated in ASC-and NLRP3-deficient macrophages supports a model wherein ASC and NLRP3 play specific roles in regulating MVB formation and exosome secretion in response to P2X7R activation and perhaps other "danger stimuli" that trigger assembly of ASC/NLRP3 inflammasomes. In contrast, P2X7R-dependent induction and release of plasma membrane microvesicles occurs independently of inflammasome assembly. Fang et al. have recently reported that higher order oligomerization and plasma membrane binding are sufficient to direct the HIV Gag proteins for budding and exosomal sorting (28) . This suggests that protein aggregates that accumulate at the plasma membrane or at the limiting membrane of MVBs may comprise one mechanism for cargo sorting into the intraluminal vesicles of the MVBs. Timelapse confocal analysis of human THP-1 cells stably expressing ASC-GFP fusion protein has demonstrated the formation of a large supramolecular assembly of ASC oligomers, termed the pyroptosome, in response to various proinflammatory stimuli (47) . It is possible that the cytosolic oligomerization of inflammasome complex proteins may additionally provide budding/exosomal sorting signals that accelerate the formation of the MVB-derived exosomes containing MHC-II.
The surprising finding that deficiency of caspase-1 had no major effect on ATP-triggered MHC-II release suggests a regulatory role for ASC/NLRP3 inflammasome complexes in functions other than caspase-1 activation. Human macrophages infected with Shigella flexneri exhibit a necrosis-like cell death response that is dependent on ASC and NLRP3, but is independent of caspase-1 and IL-1␤ (48) . Likewise, autophagy resulting from Shigella infection in macrophages provides protection against pyroptotic death and is observed in the absence of caspase-1 and NLRC4, but not of ASC (49) . Our observation that ATP-induced MHC-II secretion was insensitive to genetic deletion of caspase-1 but sensitive to zVAD-fmk and TPCK, which are widely used pharmacological inhibitors of proteases, indicates that proteases other than caspase-1 may act either upstream or downstream of ASC/NLRP3 inflammasome assembly. The ability of zVAD-fmk and TPCK to mimic the actions of YVAD-cmk suggests that the reactive fluoro-or chloromethylketone moieties of these inhibitors (38) may underlie their common ability to suppress these putative proteases. Notably, destabilization of phagolysosomes, including release of lysosomal proteases into the cytosol, has been recently identified as a major mechanism by which multiple particulate stimuli, including silica crystals, alum, and amyloid-␤ aggregates, trigger assembly of ASC/NLRP3 inflammasomes (50, 51) .
The local composition of lipids, especially cone-shaped lipids such as ceramide or lysophosphatidic acid, can rearrange the spatial organization of membrane bilayer leaflets depending on pH and thereby drive vesicle budding by inducing subdomains with curvature that is different from the adjacent planar membrane leaflet (52) . In this regard, Trajkovic et al. (53) have reported that cargo proteins in oligodendrocytes can segregate into distinct subdomains of endosomal membranes and that sorting of these proteins into a subset of MVBs occurred by an invagination mechanism independent of the ESCRT (endosomal sorting complex required for transport) machinery usually associated with MVB biogenesis. Rather, this ESCRT-independent process required lipid raft-based microdomains enriched in the sphingolipid ceramide. It is possible that P2X7R-activated lipases may mediate similar alterations in local lipid composition, which initiate or accelerate the formation of microvesicles at the plasma membranes or ILVs/exosomes at endosomal membranes.
Potential physiological functions of MHC-II exosomes and MHC-II microvesicles mobilized by P2X7R activation
The biological functions of exosomes characterized thus far in various cell types include Ag presentation, exchange of genetic materials such as mRNA and micro-RNA, proinflammatory stimulation, cell differentiation, utilization as biomarkers for different diseases, and transport of alloantigens between donor and recipient DCs during organ transplantation (20 -23, 54 -57) . The rapid secretion of MHC-II microvesicles and exosomes from P2X7R-activated macrophages may provide an efficient route not only for releasing proinflammatory cytokines, but also for rapid dissemination and presentation of foreign Ags as part of an adaptive immune response that is coordinated with local inflammation. In this regard, it is interesting to note very recent studies reporting that alum, the classical adjuvant used in vaccine development, activates the same ASC/NLRP3 inflammasome targeted by P2X7R (50, 58) . The ability of activated P2X7R to trigger rapid release of a significant mass of MHC-II-containing membranes suggests a link between the well-established role of this receptor in innate immune responses and a possible role in potentiating adaptive immune responses.
